have been reported, they require some specific apparatus and lengthy period of analysis. For these reasons, there have been some obstructions to utilizing these methods for routine analyses in clinical laboratories.
Although there are some reports on analytical techniques for the determination of glucose utilizing enzymatic reaction, they utilize a glucose biosensor based on an enzymatic membrane electrode. 1, 4 However, it is difficult to evaluate and maintain the sensitivity of an enzymatic electrode.
On the other hand, immobilized enzyme methods, which have been developed for the determination of some unstable and unseparatable compounds as selective bioreactors, have shown flexibility and applicability to the construction of analytical systems, since an enzyme only provides a selective catalytic effort for each individual reaction. [5] [6] [7] [8] [9] Therefore, an immobilized horseradish peroxidase (POD-IE) was prepared by a glutaraldehyde bridging method using chitosan beads as a carrier; 10, 11 it was possible to apply it to the determination of hydrogen peroxide by flow injection analysis (FIA) using 3-(p-hydroxyphenyl)propionic acid (HPPA) as a fluorescent substrate and a fluorometric detector.
In this work, applications of the system to the determination of glucose in some beverages, Japanese Sake and liquor samples were studied. This system consisted of hand-made reactor columns packed with glucose oxidase (GOD) and horseradish peroxidase (POD) immobilized onto chitosan beads, and a fluorometric detector. A combination technique of some kinds of enzymatic reactions for FIA with immobilized enzymereactor columns was also studied.
Experimental

Apparatus
For fluorometric measurements, a Shimadzu RF-550 spectrofluorometer equipped with a quartz flow cell (12 µl) was used; the fluorescence intensity was recorded by a Pantos Unicorder C-228 recorder.
A Jasco UVIDEC-660 spectrophotometer was used for spectral and absorbance measurements. For pH measurements, a TOA Electoronics (Model HM-30S) pH meter was used. Measurements of the activity of the immobilized enzyme were performed at 25˚C, which was maintained using a Yamato-Komatsu Coolnics circulator (Model CTE-45W). The stirrer used for preparing the immobilized enzyme was a Fine magnetic stirrer (F-616), which was used at medium speed. A Nihon Seimitsu Co. double plunger pump (NP-EX3U) and a Jasco Spectroscopic Co. Intelligent pump (Model 880-PU) were used to transfer the carrier and reagent solutions, respectively. Also, the immobilized enzyme-reactor column was made using a plastic mini-column (5 mm i.d.×50 mm) packed with about 0.80 g of the immobilized enzyme.
Reagents
HPPA and guaiacol were purchased from Wako Pure Chemical Co. Ltd., and were used for experiments without any further purification.
HPPA was dissolved in 0.3 mol dm -3 tris(hydroxymethyl)aminomethane (Tris) to obtain a 2.3×10 -3 mol dm -3 solution.
A glutaraldehyde solution (0.3%v/v) was prepared by dissolving it in 0.3 mol dm -3 Tris, the pH of which was adjusted to 8 with nitric acid.
A stored borate solution was prepared by dissolving 0.6184 g of boric acid in 100 cm 3 of ultrapure water (100 mM). A working borate solution was prepared by 50-times dilution of A combination technique of some kinds of enzymatic reactions for flow injection analysis with an immobilized enzymereactor column was studied. This system consisted of hand-made reactor columns packed with glucose oxidase and horseradish peroxidase immobilized onto chitosan beads, and a fluorometric detector. It was applied for the determination of glucose in some beverages, Japanese Sake and liquor samples. Under the recommended conditions, it could determine a sample within 10 min. The calibration curve for glucose was linear from 20.0 mg dm -3 to 0.5 mg dm -3 in the lowsensitivity region of the detector, and from 0.5 mg dm -3 to 30 µg dm -3 in the high-sensitivity region of the detector. The detection limit (S/N=10) was 30 µg dm -3 as the concentration of glucose, and 54 ng as its absolute amount. There was no interference from major substances present in either beverage or serum samples. A phosphate buffer solution (pH 7.0) was prepared by mixing 0.1 mol dm -3 dihydrogenphosphate and monohydrogenphosphate in a 1:2 ratio.
Horseradish peroxidase (POD)(EC 1.11.1.7) with a specific activity of 257 U mg -1 and glucose oxidase (GOD)(EC 1.1.3.4) with a specific activity of 150 -250 U mg -1 , used for preparing the immobilized enzymes, were purchased from Wako Pure Chemical Co. Ltd., which were commercially available enzymes for biochemical experiments. The enzyme solutions were freshly prepared from solid enzymes, because in a solution of an enzyme the activity can decrease within a short time. The concentrations of POD and GOD dissolved in 0.1 mol dm -3 phosphate buffer were determined by measuring the absorbance at 400 nm for peroxidase and 278 nm for glucose oxidase, respectively.
Chitosan beads (Chitopearl 3503, φ: 300 µm), which were used as the immobilizing carrier, were purchased from Fuji Spinning, and were used without any particular treatment.
The preserving solution of the POD-IE reactor column was prepared by dissolving 1.0 g of bovine serum albumin (BSA), 0.8775 g of sodium chloride and 1.2114 g of Tris in 100 cm 3 of water.
The preserving solution of the GOD-IE reactor column and the other reactor columns in Table 1 was prepared by dissolving 1.0 g of BSA in 100 cm 3 of water.
All other chemicals were of analytical reagent grade (Wako Pure Chemical Co. Ltd.).
All solutions, except for a fluorometric indicator solution, were prepared with ultrapure water obtained using a Milli-Q SP Reagent Water System (Millipore). A fluorometric indicator solution was prepared with water, which was distilled as ultrapure water in a borosilicate glass still.
Preparation of immobilized enzyme
The immobilized enzymes were prepared by the glutaraldehyde bridging method, with reference to a previous paper 10 and the following improvement: Approximately 2 g of chitosan beads (Chitopearl 3503) were put into a beaker; 10 cm 3 of a glutaraldehyde solution was added into the beaker and stirred for 1 h. Then, a 5 cm 3 of 2×10 -3 mol dm -3 borate solution was added and stirred for 1 h. The enzyme solution was added to the reaction mixture and stirred for 1 h. After washing the chitosan beads with water, all procedures were repeated once more. The resulting chitosan beads were then employed as an immobilized enzyme, and stored in a refrigerator at 4˚C in the preserving solution. The immobilized bienzymes were two kinds of enzymes immobilized onto one carrier. To prepare the immobilized bienzymes, after a kind of enzyme had been immobilized in advance onto a carrier, the other kind of enzyme was immobilized over it, or a mixed solution of two enzyme was immobilized onto one carrier.
Measurements of the activities of the immobilized enzymes
The activity of POD-IE was measured by a method of Pütter 12 with some modifications. 10 The method was based on the rate of the reaction between hydrogen peroxide and guaiacol catalyzed by POD.
On the other hand, the activity of GOD was usually measured by o-dianisidine as a redox colorimetric reagent, 13 although colored compounds were adsorbed onto chitosan beads. The activity of GOD-IE was then measured by the following method with reference to a measurement of the activity of peroxidase. About 0.3 g of GOD-IE was put into a 100 cm 3 flask. Then, 50.0 cm 3 of 0.1 mol dm -3 phosphate buffer, 1.0 cm 3 of 0.02 mol dm -3 of guaiacol and 0.5 cm 3 of about 10 mg dm -3 of a POD solution were added, and the suspension was allowed to stand in a 25˚C water bath for 45 min. Then, 0.5 cm 3 of a 1% glucose solution was added to the suspension, which initialized the reaction. Hydrogen peroxide, which was generated from GOD on chitosan beads, was reacted with guaiacol catalyzed by the POD and produced tetraguaiacol. The latter part of the reaction was similar to the method for measuring the POD activity. Therefore, a calculation of the activity of GOD-IE was performed in a similar way, using a measurement of the activity of POD-IE.
Analytical procedure for the determination of glucose
A flow diagram using the proposed method is shown in Fig.  1(a) . An aliquot of the sample solution (1.8 cm 3 ) was injected into the carrier stream containing 0.05 mol dm -3 Tris through an injection valve (Rheodyne 7125) and was introduced to the GOD-IE reactor column. In this column, glucose existing in the sample solution was converted to hydrogen peroxide. An eluent from the GOD-IE reactor column was mixed with a HPPA solution as a fluorometric indicator. The mixture was then reacted in the POD-IE reactor column to produce fluorescent species. The fluorescence intensity of a solution eluted from the POD-IE reactor column was measured at an excitation wavelength of 305 nm and an emission wavelength of 405 nm. The concentrations of the glucose in practical samples were determined from a calibration graph, which was prepared with the peak height obtained using standard glucose solutions. The flow rate of the carrier and the indicator were identical (0.5 cm 3 min -1
).
Results and Discussion
Preparation of an immobilized enzyme-reactor column
To examine the reaction conditions of the immobilized 518 ANALYTICAL SCIENCES MAY 2000, VOL. 16 enzyme the conversion ratio of glucose to hydrogen peroxide in the system shown in Fig. 1(a) was first evaluated. About 0.3 g of GOD-IE was put into a test tube, to which was added a sample solution containing glucose. After allowing it to stand for 10 min at 25˚C, the reaction mixture was injected into a FIA system equipped with a POD-IE reactor column. From the amounts of enzyme and glucose, it was expected that the reaction would be completed within 1.5 min. Only 20% of the conversion ratio was obtained as the maximum value. It was supposed that hydrogen peroxide existing in the reaction mixture had reacted with glucose, which had not been converted to hydrogen peroxide, so that the amount of hydrogen peroxide remaining in the solution was small. Since hydrogen peroxide and unreacted glucose coexisted in the reaction mixture, in the case of measuring of activity of the GOD-IE, hydrogen peroxide generated from GOD and glucose must be immediately reacted with the HPPA as a fluorescence substrate catalyzed by POD. The conversion ratio was then reevaluated by the following method. About 0.3 g of GOD-IE was put into a test tube, to which was added a POD and HPPA solution. After allowing it to stand for 45 min at 25˚C, the reaction was initialized by the addition of a glucose solution; the mixture was allowed to react for 15 min at the same temperature. The supernatant of the reaction mixture was put into a fluorometric quartz cell, and the fluorescence intensity was measured at the same excited and emission wavelengths as described in the Analytical procedure for the determination of glucose.
The hydrogen peroxide generated by GOD-IE and glucose was immediately reacted with HPPA catalyzed by the surrounding POD; the conversion ratio was slightly improved compared with the previous results. Since the amount of hydrogen peroxide was decreased to react with the surrounding glucose, it was assumed that the amounts of hydrogen peroxide that reacted with the glucose decreased when POD and GOD existed as closely as possible.
In the case of preparing immobilized enzyme-reactor columns containing two kinds of enzymes, there are the following techniques. As the most simple techniques, POD-IE and GOD-IE were prepared separately; then the immobilized enzymes were packed in two columns independently ( Fig. 1(a) ), or an appropriate ratio of the mixture of the immobilized enzymes was packed in one column (GOD-IE + POD-IE). On the other hand, there are some methods to immobilize two kinds of enzymes onto one carrier. First, after GOD had been immobilized in advance onto a carrier, POD was immobilized over of it (GOD → POD). Second, after POD had been prior immobilized onto a carrier, GOD was immobilized over of it (POD → GOD). Finally, POD and GOD were simultaneously immobilized onto a carrier using a mixture solution of POD and GOD (POD + GOD).
The maximum conversion ratios, respectively, are summarized in Table 1 . The flow system represented in Fig. 1(a) had the highest conversion ratio of glucose to hydrogen peroxide. A comparably high conversion ratio was observed in POD-IE + GOD-IE, and the conversion ratio of GOD → POD was higher than that obtained with the other immobilized bienzymes. The results of the experiments suggested the following:
(1) The activity of the immobilized enzyme depended on the kind of enzyme. This is explained as follow. The phenomenon was caused by the position of the amino group in the structure of the enzyme. Particularly, the activity of POD-IE was higher than that of GOD-IE when the same concentration of enzymes was applied. It is supposed that the amino group in the structure of POD was located far from its active parts, and that in GOD was located near to its active parts. (2) Comparing the preparation techniques for the reactor column in Fig. 1(b) , a higher conversion ratio was obtained by using a column packed with POD-IE and GOD-IE, compared to that obtained by using a column packed with immobilized bienzymes, such as GOD → POD. The amount of enzymes immobilized onto the surface of the carrier was influenced by the reactivity and conversion ratio.
In fact, the activity of the reactor column in the Fig. 1 (b) rapidly decreased due to the difference in the optimum pH between GOD and POD. Therefore, Fig. 1(a) was adopted for the determination of actual samples using POD-IE and GOD-IE reactor columns, which were prepared separately. The immobilized enzymes were then packed in two columns independently.
Analytical conditions for FIA
In Fig. 1(a) , after a first column packing with GOD-IE was utilized to convert glucose to hydrogen peroxide, a second column packing with POD-IE was utilized to react between hydrogen peroxide and HPPA as a fluorescence indicator. The fluorescence intensity of the eluent was then measured as described in the Analytical procedure for the determination of glucose. In this system, a detection step constructed from the POD-IE column and fluorometer utilized the analytical conditions described in a previous paper.
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Injection volume. Figure 2 shows the effect of the injection volume for the determination of glucose in system shown in Fig. 1(a) . Because the peak height was constant over 1.5 cm 3 , the injection volume was set at 1.8 cm 3 . Since the sample dispersion was caused by the two reactor columns, large amounts of samples were injected into the system. However, because dispersion ratio was constant, the obtained signals were highly reproducible. The calibration graph was then drawn based on the peak heights. Flow rate. The reaction period and the degree of dispersion of a sample in the reactor column are due to the flow rate. Figure  3 shows the effect of the flow rate on the peak height. In Fig. 3 , a lower peak height is shown at a lower flow rate for hydrogen peroxide, which was caused by the dispersion of the sample in the two reactor columns. On the other hand, the peak heights obtained for glucose samples were constant over 0.4 cm 3 min -1 . The peak heights of signals obtained by the flow system were affected by the amount of GOD in reactor column I, the glucose in the samples and the residence time of samples in reactor column I. When a lower flow rate was adopted, the hydrogen peroxide generated from GOD-IE and glucose increased to a 520 ANALYTICAL SCIENCES MAY 2000, VOL. 16 is the peak height obtained from H2O2;
is the peak height obtained from glucose; is the conversion ratio. Indicator, 2.3 mmol dm -3 HPPA/0.3 mol dm -3 Tris; carrie, 0.05 mol dm -3 Tris; sample, 5.3 mg dm -3 of glucose and 1.0 mg dm -3 of H2O2, 1.8 cm 3 . The flow rates of carrier and indicator were always identical. The concentrations of the glucose and H2O2 were the equal molarity. Recovery, % A: sports drink sample (dilution ratio 1:1000) B: Japanese Sake sample (dilution ratio 1:10000) large amount, though the sensitivity of the hydrogen peroxide decreased. The carrier flow rate was then set at 0.5 cm -3 min -1 . In this condition, it took 10 min to determine a sample.
Effect of the concentration of Tris buffer and the pH of the carrier
The concentration of Tris buffer and the pH of the carrier solution influenced the sensitivity and conversion ratio of glucose to hydrogen peroxide. It was observed that the peak height decreased if Tris buffer was excluded in the carrier solution, as was the case in our previous paper. 11 Therefore, Tris buffer was set at 0.05 mol dm -3 in the carrier solution with reference to previous paper. However, the effect of the concentration of Tris buffer and the pH of the carrier did not influence the sensitivity. The reason why the conversion ratio of glucose to hydrogen peroxide was not influenced by the concentration of Tris and the pH of the carrier is not clear. FIA signals and calibration graph. Figure 4 shows signals obtained from the system in Fig. 1(a) , set under the established analytical conditions. It could determine one sample within 10 min. Owing to the use of two reactor columns in the flow system, dispersion was caused, but the signals were symmetrical and reproducible. The calibration curves for glucose prepared as described in Fig. 1(a) system were linear from 20.0 mg dm -3 to 0.5 mg dm -3 in the low-sensitivity region of the detector; and from 0.5 mg dm -3 to 30 µg dm -3 in the high-sensitivity region of the detector. The detection limit, which was defined by a signal-to-noise ratio of 10, was calculated to be 30 µg dm -3 as the concentration of glucose, and 54 ng as its absolute amount. Effect of foreign ions and a standard addition test. Table 2 shows a summary of the effects of coexisting ions. Most of these substances did not influence the determination of glucose. There were some organic substances that interfered with the recovery of glucose, but these substances did not interfere with the determination of glucose in actual samples, because the concentration of these substances was lower than the experimental range when the samples were analyzed by the aforementioned procedure. Therefore, the proposed method was applied to the determination of glucose in commercially available sports drinks, Japanese Sake and liquor samples.
The samples were pretreated by filteration through a membrane filter made of cellulose acetate whose pore size was 0.45 µm. They were then prepared at a dilution ratio of 1:1000 in the commercially available sports-drink samples and 1:10000 in the Japanese Sake and liquor samples. A line obtained by the standard addition test was drawn parallel to the standard calibration curve, so that the effect of the coexisting matter in these samples did not interfere with the determination of glucose. Table 3 shows a comparison of the results obtained from the standard addition test and the direct calibration method. They approximately agreed with each other. Therefore, the direct calibration method was applied for the determination of glucose in these samples. Table 4 summarizes the results of the determination of glucose and recovery tests for some commercially available sports-drinks, Japanese Sake and liquor samples, which were obtained by the proposed method. A: sports drink sample; B: Japanese Sake sample; C: liquor sample; N.D: not detected (< 0.1 ppm, detector sensitivity low).
